Global Positioning System (GPS) is a highly demanded tool for positioning and synchronization of measurements; therefore, assessing the accuracy of a GPS receiver is an essential phase of any field survey. The main goal of this study is to briefly summarize different commonly used GPS accuracy measures and then compare the horizontal and vertical accuracies of GPS and differential GPS (DGPS) by taking instant measurements, instead of making measurements for long periods of time at sampling locations. To achieve this, a field study was carried out at Middle East Technical University (METU) campus in Ankara, Turkey. As a preliminary step before the field study, a basic sampling strategy was developed. The horizontal and vertical accuracies of both receivers were calculated and given in terms of root-mean-square error (RMSE) and arithmetic mean of error. The results revealed out that DGPS has significantly better performance than GPS, when horizontal and vertical accuracies are considered. 
Introduction
Global positioning System (GPS), satellite-based navigation system operated by United States Department of Defense, has been widely used since it became fully operational in April 1995 (also known as NAVSTAR). Its area of usage covers a wide range of different applications by different disciplines from military to civilian, including navigation, target tracking, search and rescue, geology, mining, farming, forestry, inventory control, land management and many others. GPS receiver accuracy and its assessment play a crucial role when collecting field data, and various methods and statistics have been employed so far in order to investigate and compare accuracy of GPS. According to Misra and Enge [2001] , the error statistics can be calculated empirically on the basis of a sample of position estimates by letting Δx i , Δy i , and Δz i (i=1,2,…n) be the errors in the east, north, and vertical components of the ith position estimate sample. Then root-mean square (RMS) vertical, horizontal (2D) and 3D errors are given by: 
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It was also pointed out that for GPS position estimates, mean error equals to zero if averaged over a long time interval, and positions estimates averaged over seconds or minutes are generally biased because satellite clock, orbit, and propagation effects change slowly. If the position estimates are modeled as unbiased, the above equations can be written in terms of standard deviations of the east, north and, vertical components of position:
where σ E , σ N , and σ U are the standard deviations of the east, north, and vertical components of the position error, respectively. The 50 th and 95 th percentiles for the horizontal, vertical, and 3D errors are frequently used and calculated easily. The circular error probable (CEP), 50 th percentile horizontal error, defines the radius of a circle centered at the true position which would contain the position estimate with probability of 0.5. Spherical error probable (SEP) is 3D median error, and the 95 th percentiles are often used as horizontal error (95%) and vertical error (95%) as shorthand. It is important to emphasize that sometimes they are also used as error values at 95% confidence level; whereas confidence level has a welldefined and different meaning in statistics, and this kind of usage is not recommended. RMS in 2D given in Eq.
[5], also described as distance root-mean-square (DRMS) error by Kaplan and Hegarty [2006] , was used by Rodriguez-Perez et al. [2007] , and Yoshimura and Hasegawa [2003] in order to estimate GPS positional error in terms of precision. There is another accuracy measure for position estimates, 2DRMS (twice the RMS in 2D), and it is often used in incorrect manner as equivalent to the 95 th percentile of the horizontal error [Misra and Enge, 2001 ]. Yoshimura and Hasegawa [2003] conducted a field test to assess and compare horizontal and vertical positional errors of GPS and DGPS in forested areas. According to their findings, DGPS improves horizontal accuracy but not horizontal precision, whereas autonomous GPS is sufficiently useful where maximum horizontal error of 10 m is tolerable, but it is also noted that DGPS should be used for surveying and mapping where higher accuracy is needed. On the other hand, by Rodriguez-Perez et al. [2007] , four low-cost GPS receivers under different forest conditions, which were defined by several variables such as stand density (SDe), Hart-Becking index (HBI) and Assman Dominant Height (H 0 ), were compared in order to determine ease of use, accuracy and precision. In all of the above mentioned studies, the following equations were used to calculate the standard deviations in east and north components of the position error: where z and z true are the sample mean of positional error and true location along z direction, respectively. Matosevic et al. [2006] made an accuracy comparison between a GPS and a low-cost DGPS, and developed a simple statistical model to estimate positioning error, which requires only position information without satellite constellation, and results were introduced in terms of CEP and SEP values. As it has been briefly summarized so far, there are numerous ways of dealing with GPS accuracy, and therefore, the main goal of this study is to demonstrate a simple horizontal and vertical accuracy comparison between a GPS and a differential GPS (DGPS) by a field survey based on a basic sampling design strategy, and finally to compare and discuss the results.
Materials and Methods

Study Area
The study area was Middle East Technical University campus (METU) in Ankara, TURKEY ( Fig. 1 ProMark 500 model multi-constellation GNSS receiver manufactured by Magellan Professional was used in order to get the exact coordinates at sampling locations with realtime kinematic position accuracy of 10 mm and 20 mm in fine mode, in horizontal and vertical respectively.
Methods
The aim of this study was to assess and compare horizontal and vertical positional errors of both GPS and DGPS receivers. The true values of x, y and z coordinates of sampling locations were acquired by ProMark 500. Field survey to collect the necessary data was conducted on March 9 and 10, 2010. All instruments were switched twenty minutes before data collection and ED50 was chosen as datum and UTM as projection. According to Congalton and Green [2009] , clearly identifiable and suitable well-defined points represent right-angle intersections of roads, or other linear mapped features like canals, ditches, trails, fence lines, and pipelines. Therefore, as sampling strategy, all road intersections (646 as total) on the digitized campus roads layer were extracted and saved as a separate point layer in ArcGIS v.9.2 as the sampling frame of the study (Fig. 1) . The next step was to determine the required sample size, and its calculation is probably one of the most important steps in statistical analysis. In order to determine the appropriate sample size, Bartlett et al. [2001] proposed "seven-point scale" to estimate the standard deviation in the population. For example, if a researcher used a seven-point scale and given that six standard deviations (three to each side of the mean) would capture 98% of all responses, the calculations would be as follows: Table 1 . Most statistical analysis often assume normality without any empirical evidence or test; however, it is critical in many statistical methods, and when violated, interpretation and inference may not be reliable or valid [Park, 2008] . Therefore, to test the normality of horizontal and vertical error distributions of GPS and DGPS, Kolmogorov-Smirnov and Shapiro -Wilk normality tests were carried out at 95% confidence level (Tab. 2). According to the result of Kolmogorov-Smirnov test, GPS vertical errors were normally distributed; however, the result of Shapiro-Wilk test did not indicate normality. Test results revealed that none of the error distributions were normal. Then, the following two null hypotheses were tested at 95% confidence level: (1) There is no statistically significant difference between GPS and DGPS receivers in terms of horizontal accuracy; (2) There is no statistically significant difference between GPS and DGPS receivers in terms of vertical accuracy. Since the error distributions in horizontal and vertical directions were not normal and the measurements with two receivers were simultaneously taken in pairs at sampling locations, Wilcoxon signed-rank test for paired data, which is the non-parametric version of paired t-test, was applied to the data in order to test the null hypothesis (1) and (2) [Montgomery and Runger, 2003] . Then, the error bars were plotted with 95% confidence intervals and the results were interpreted.
Results and Conclusion
The results of Kolmogorov-Smirnov and Shapiro-Wilk tests indicated that horizontal and vertical errors of GPS and DGPS were not normally distributed (Tab. 2). To test the null hypotheses (1) and (2), Wilcoxon signed-rank test with alpha level 0.05 was applied. The test result of hypothesis (1) showed that the horizontal accuracy of DGPS was significantly better than GPS (p < 0.000), (Tab. 3). Figure 2 , the obtained intervals 10.305 ± 2.584 m and 2.299 ± 0.614 m in RMSE H , for GPS and DGPS receivers respectively, are a bit larger than the specified values (Fig. 2 a). Horizontal accuracies of both GPS and DGPS receivers in terms of r are 8.299 ± 1.559 m and 1.419 ± 0.462 m respectively, and can be seen with error bars in Figure 2 b.
The reason for these differences in accuracies of both GPS and DGPS receivers may arise from the fact that the measurements at sampling locations were not taken for over a long time interval (2-4 hours) and then averaged; instead, two coordinate triplets (one for GPS and one for DGPS) were measured instantly at each sampling location. After carrying out Wilcoxon signed-rank test for hypothesis (2), (Tab. 3), it was observed that again DGPS evidently performed better than GPS in terms of vertical accuracy (p < 0.000). As observed in Figure 3 a, interval obtained for GPS is 6.413 ± 2.588 m in RMSE V , whereas 2.587 ± 1.094 m for DGPS (Fig. 3 a) . Vertical accuracies in terms of z are 5.190 ± 2.349 m and 2.140 ± 1.002 m for GPS and DGPS receivers respectively, and given with error bars in Figure 3 b. GPS receivers are indispensible instruments in today's field surveys and necessary accuracy tests prior to a survey in new environment are essential, and in this study, a practical method was introduced in order to compare the vertical and horizontal accuracies of GPS and DGPS receivers and to achieve this, a basic sampling strategy was designed and applied. As a common convention, RMSE values for horizontal and vertical accuracies have usually been used, as it was done in this study; however, as an alternative, accuracies were also calculated and given in terms of arithmetical means (horizontal: r , vertical: z ). And the results clearly show that, there is a noticeable difference between GPS and DGPS when horizontal and vertical accuracies are considered. Although the removal of SA (selective availability) has a greater importance for GPS than DGPS, it results in significant improvement in accuracy of both types of receivers. However, DGPS receivers are still superior than GPS receivers in terms of accuracy, since sources of error such as, satellite clock, ionospheric and tropospheric delays can be removed by differential correction. 
